Growth inhibition of algae increased as herbicide concentrations increased, particularly with prometryn and fluometuron. However, picloram had no effect on algal growth while dinoseb inhibited only Lyngbya. There were no differences in growth rate of algae treated with different levels of potassium or phosphorus. High levels of calcium or magnesium increased growth rate of the algae tested. High levels of nitrogen or pH increased growth rates except when combined with prometryn or fluometuron.
Introduction
Recent evidence indicated herbicides applied to agricultural lands are carried by run off water, erosion, or leach into aquatic systems . For example, picloram (4-amino-3,5,6 trichloropicolinic acid) does not rapidly decompose in the soil and may drain into non-flowing water. Samples obtained from impounded water on a watershed approximately 100 m away from a treated area was found to contain 70 ppb of picloram 27 days after treatment (Baur et al., 1972) . White, et al( 1967) found atrazine (2-chloro-4-(ethylamino)-6-(isopropylamino)-5-triazine) in runoff water when applied to field plots at the rate of 3.36 kg/ha. Under normal conditions 0.1 kg/ha or lesser amount of the herbicide were commonly encountered in the runoff. Another study (Ritter, et al., 1974) showed as high as 15 percent of the total atrazine applied appeared in runoff water from a surface-countoured watershed shortly after application. Baldwin (1974) applied prometryn and fluometuron to soil and found, when these two herbicides were applied to dry soil, the general losses for both herbicides by runoff were about 0.5 percent of that inititally applied to the soil. Wright (1972) investigated the effects of some herbicides using Chlorellapyrenoidosa as an assay organism and found that growth was inhibited by some herbicides more than others. Barban (4-chloro-2-butynyl-m-chlorocarbanilate) at 1 ppm controlled 90% of the growth of Chlorella, while M&D 8882 (methyl, 4-nitrobenzenesulphonylacarbamate) inhibited 50% of the growth at 25 ppm. Loeppky & Tweedy (1969) have shown that 0.5 g/ml of atrazine completely inhibited the growth of Chlamydomonas reinhardii while its growth was stimulated by diphenamid (N, N-dimethyl-2,2-diphenylacetamide). Ryan, et al. (1972) have found that increased levels of dissolved nutrients can change the aquatic ecosystem by stimulating algal growth. Most algae are good consumers of N, suggesting that a large quantity of algae will be associated with waters high in N content. Phosphorus was indicated to exert a marked influence on algae population (Frink & Machlis, 1968; Sikka & Pramer, 1968) . As the use of fertilizer has increased drastically, one would anticipate an environmental impact, particularly on nearby lakes and streams. Normally algae respond to nutrients like higher plants and when agricultural lands are fertilized, an algal bloom downstream could be anticipated.
Most studies involving herbicide-algae interac-tions have been intended mainly for screening herbicide activity and for studies on their mode of action. More study is needed in the area of algae growth as affected by herbicides at different salinity and nutrient levels. Relatively high salt concentrations in water or in growth cultures have an inverse effect on chlorophyll synthesis and high salinity and a marked effect on respiration, cell division and growth of unicellular marine algae (McLachlan, 1961) . Substituted urea herbicides depressed carbohydrate concentrations in all tested species of algae and the carbohydrate decreased as the salinity increased (Walsh & Grow, 1971) . Thus it appears possible that herbicides may have unexpected toxicity to algae depending on factors such as nutrient level, pH and salinity. The data is sufficient to indicate that there should be a concern about runoff water from agricultural land treated with herbicides as they relate to algae growth. Since one aspect of this problem could be a variability of effects at various nutrient levels, a study was initiated to investigate the interaction of algae with different levels of N, P, K, Ca and pH at various herbicide levels.
Materials and methods
Two levels of pH and several nutrient elements which occur in natural waters of rivers and lakes in Oklahoma were selected as variables for the growth of algae. The elements selected as variables for the growth of algae were Ca, Mg, K, P, and N. The concentration levels of these nutrient elements and pH were obtained from 'Appraisal of the Water and Related Land Resources of Oklahoma.' Concentrations of elements of the solutions used in these experiments are shown in Table 1 .
The two levels of pH and nutrient elements represent normal extremes of naturally occuring waters. The respective pH levels were obtained by the addition of HCI or NaOH to Bristol's solution. The solutions without herbicides were autoclaved for 30 minutes at 6.8 kg/cm 2 and 121 C. Chlorellapyrenoidosa Chick and Lyngbya birgei Dyar were obtained from the culture of Texas University. These algae are easy to culture and are common to Oklahoma lakes and streams. The algae were cultured in Bristol's solution until they reached the logarithmic growth phase. Aliquots were then obtained and centrifuged for about 5 min at 12 000 rpm. The supernatant was decanted and the cells washed twice with distilled water. The washed cells were added to their respective experimental solutions containing the appropriate low or high concentrations of the nutrient elements as well as the other essential elements.
Four herbicides, picloram, prometryn, dinoseb, and fluometuron, were added at concentrations of 0.1, 1.0 or 10.0 uM. These herbicides were selected to represent particular groups or families. Reasonable comparisons of their effects on algae in the presence of various nutrient element levels could thus be made.
Initial optical density (O.D.), measured with a Bausch and Lomb spectrophotometer at 678 nm, was 0.11 for Chlorella and 0.099 for Lyngbya. The pH of the solutions other than that of pH treatments was about 6.8 and increased slightly with time and growth rates. Treatments were made in 50 ml Erlenmeyer flasks which were stoppered with cotton and placed on a shaker in a randomized design. They were shaken at 80 cycles/min under continuous illumination of 3500 lux. Different times, selected to correspond with their logarithmic growth period, were measured for the growth of each algae. The growth period for Lyngbya was 48 hr and for Chlorella 72 hr. The temperature was maintained at 25 °C . If algae stuck to the walls of a flask, they were removed with a rubber policeman. Uniform cultures of Lyngbya were obtained by homogenizing aggregates. Water lost due to evaporation was replaced with distilled water. Growth rates were determined by measuring the optical density at harvest.
The results of the four replications were reported as adjusted Kvalues. Kwas designated to represent the growth rates in doublings per day, and was calculated according to the method of McCarthy & Patterson (1974) . Adjustments were made by converting all negative K values to zero and then averaging the four replications. Analysis of vari-ance was obtained by the use of the appropriate computer program.
Results and discussion
Effects of herbicides on Chlorella. Picloram did not cause any significant effect on growth at the concentrations tested. However, the other herbicides tested produced various effects on algal growth. Prometryn sharply reduced the growth rate of Chlorella at two levels of N. (Fig. 1) . Growth of the algae was very slow at low N so the herbicides were not as effective as they were at high N. Dinoseb and fluometuron did not appear to be as effective as prometryn at the concentrations tested. The effects of the herbicides at two levels of P were very similar (Fig. 3) . Prometryn caused a sharp reduction in growth, even at the lowest concentration while higher concentrations of fluometuron were required to inhibit growth. The effects of dinoseb were offset by high levels of P. Each herbicide effect was similar in the presence of two levels of K (Fig. 4) . Prometryn caused the greatest reduction in growth, followed by fluometuron and dinoseb. Treatments with Mg or Ca were almost identical with those of K. Statistical analysis revealed that toxicity of prometryn and fluometuron were higher at high N, while dinoseb showed no toxicity in the presence of high N (Fig. 1) . Since dinoseb has a different mode of action then the other two herbicides, this may account for its difference in response to high N. The most common N concentration in natural waters was estimated at about 1.06 ppm and any additonal N was found to increase growth rates of aquatic plants while levels at 0.11 ppm greatly reduce growth (Chu, 1943) . Higher N may enhance herbicide uptake and thus promote toxicity. Ammonium nitrate was shown to enhance uptake of 2,4,5-T in tree leaves (Brady, 1970) and N salts such as NH 4 C1, (NH 4 ) 2 SO 4 and NH 4 NO 3 enhanced the effectiveness of herbicides (Audus, 1964) .
Dinoseb did not appear to be effective at high pH (Fig. 2) . Dinoseb is similar to DNP (2,4-dinitro- Fig. 4 . The influence of potassium and herbicides on growth rate of Chlorella. phenol) which is thought to act by allowing pH gradients to collapse. High pH in the nutrient solution may counteract such a pH effect of dinoseb and thus lower its activity against growth of Chlorella. Prometryn and fluometuron were very effective in reducing algal growth at concentrations tested at both pH levels.
HERBICIDE CONC. (M)
The effects of herbicides at both levels of P closely resembled those of pH (Fig. 3) . The presence of herbicides may have induced a detrimental effect on P uptake which could have reduced growth rates. This was found to be true in higher plants (Adams, 1965) . Generally, different K levels in the growth media did not cause significant changes in growth rates of Chlorella (Fig. 4) . Similar results were recorded using the two levels of Ca or Mg. Studies have shown that Ca and Mg are widely interchangeable (Ellis & Machlis, 1968) . Thus, Ca level tested in this research could be affected by the presence of Mg in the media and vice versa. Among the three herbicides used with Ca levels, prometryn showed the greatest algaecide effects, followed by fluometuron and dinoseb. There are no significant Ca level-herbicide interactions. Algae growth at high Mg generally showed lower growth rates than at low levels, though they were not significantly different. Effects of herbicides on Lyngbya. Statistical analysis revealed significant N level-prometryn interaction with Lyngbya. This may reflect the fact that growth of Lyngbya was very low at low N and thus there was no growth to be decreased by the herbicide. Concentrations of I to 10 MM fluometuron and dinoseb were required for the development of sufficient toxicities to reduce Lyngbya growth rates significantly. Growth rates were much higher for the N treatments. It appears Lyngbya requires more nitrogen for normal growth than low N treatments could provide (Fig. 5) . Studies by Reis & Wert (1972) showed that low levels of triazine herbicides often stimulate growth and protein content, especially in plants grown on low N. Low levels of prometryn did not stimulate growth of algae at low N levels in the present experiments. Levels of P did not alter the effectiveness of the herbicides tested and caused no significant differences on growth rates (Fig. 6 ). There were no apparent interactions between prometryn and the P levels used. Prometryn appeared to be more toxic than fluometuron at the concentrations tested. Growth of Lyngbya was slightly enhanced by 0.1 juM dinoseb but was reduced by 10.0 tM. A recent study (Azad & Dorchardt, 1970 ) indicated a critical concentration of phosphorus in algae, below which the mass of the culture appeared to be directly proportional to the concentration of total phosphorus in the reactor. At low concentrations of dinoseb, P uptake may be enhanced while at high concentration P uptake may be inhibited. This could result in decrease or increase in algal growth.
Lyngbya appeared to be very sensitive to different levels of pH. Little growth occurred at pH 4 so growth inhibition due to herbicides was negligible. Dinoseb activity at high pH was slight even though there was a marked difference in growth rates at high and low pH (Fig. 7) . Dinoseb was active in all the other mineral treatments in Lyngbya so it is surprising that there was little activity with this algae at high pH. Dinoseb is thought to be an uncoupler of phosphorylation which acts by allowing pH gradients to collapse (Baldwin, 1974) . High pH in the nutrient solution may counteract such a pH effect of dinoseb and thus lower its activity against growth of Lyngbya. Prometryn inhibited the growth rates for Lyngbya at low concentration (0.1 MM). The higher levels of Ca caused a slightly higher growth response in Lyngbya (Fig. 8) . Fluometuron inhibited the growth of the algae but at higher concentration than prometryn. Growth inhibition of the algae by fluometuron and promelryn were about the same at low or high Ca levels. Dinoseb was effective only at 10 AM. The effects of the two Mg and K levels and herbicide concentrations on Lyngbya growth were similar to those reported with the Ca treatments.
Summary
Prometryn and fluometuron at high concentrations were most effective for algaecide purposes. The 10 IM concentrations drastically reduced growth in both algae species. Dinoseb concentrations were much less effective than fluometuron or prometryn. Picloram produced no significant difference on growth rates of algae. Higher growth rates were obtained with high levels of N and pH in both algae. The two levels of K, Ca, and Mg used in this study produced no significant differences on growth rates of algae. Different levels of P also resulted in no significant differences in algal growth. Of the two algal species used in this study, Lyngbya appeared to be more susceptible to the herbicides tested.
The results of this study suggest that different herbicides have varying effects on the algae tested. The presence of these herbicides in natural aquatic systems could alter phytoplankton composition, depending on herbicide and mineral concentrations. Further studies will be needed to assess the effect of herbicides on phytoplankton under natural conditions.
